Background and objective The optimal BP target to reduce adverse clinical outcomes in patients with CKD is unclear. This study examined the relationship between BP and death, cardiovascular events (CVEs), and kidney disease progression in patients with advanced kidney disease.
Introduction
In patients with CKD, the optimal BP target remains controversial. Three large randomized controlled trials (African-American Study of Kidney Disease, Modification of Diet in Renal Disease, and Ramipril Efficacy in Nephropathy 2) did not find that treatment to a lower BP goal (mean arterial pressure ,92 mmHg or BP,130/80 mmHg) reduced kidney-related end points compared with a higher goal (,140/90 mmHg or diastolic BP [DBP] ,90 mmHg) (1, 2) . Furthermore, recent studies have found that lower BP goals may be associated with adverse outcomes (3, 4) . A recent cohort study of .600,000 patients with CKD found that participants with low systolic BP (SBP) and DBP (,120/80 mmHg) had the highest mortality rates (3) . Furthermore, a low DBP (,70 mmHg) was associated with higher mortality even when combined with ideal SBP (3) . Studies have also found a J-shaped relationship between SBP and cardiovascular outcomes in patients with CKD not undergoing dialysis (4) . However, no randomized controlled trials have assessed BP targets and nonkidney outcomes in patients with advanced CKD.
Patients with CKD often have high pulse pressures (PPs) because of atherosclerosis or nonatherosclerotic arterial medial calcification (5, 6) . Increased PP is an independent predictor of cardiovascular disease (CVD), heart failure, and death in the general population (7, 8) . In dialysis patients, increased PP is associated with death (9, 10) . Small studies have shown that higher PP is associated with decline in kidney function in patients with mild to moderate CKD (11, 12) . However, the significance of PP on death, cardiovascular events (CVEs), and kidney disease progression in patients with advanced CKD not on dialysis has not been adequately studied.
This study sought to examine the relationship between SBP, DBP, and PP with death, CVE, and progression to long-term dialysis in patients with advanced kidney disease not requiring dialysis who participated in the Homocysteine in Kidney and ESRD (HOST) study (13) . We tested the hypothesis that higher SBP, DBP, and PP would be associated with a higher risk of death, CVE, and progression to long-term dialysis.
Materials and Methods

Study Cohort
The HOST study was a multicenter, prospective, randomized, double-blind, placebo-controlled trial examining the effects of high doses of folic acid, pyridoxine hydrochloride (vitamin B 6 ), and cyanocobalamin (vitamin B 12 ) on death and CVE in patients with advanced kidney disease and elevated plasma homocysteine concentrations (13) . The trial enrolled 2056 adult participants from 36 Veterans Affairs medical centers between September 2001 and October 2003. Patients were included in the study if they were 21 years of age or older with ESRD receiving hemodialysis or peritoneal dialysis (n=751), or with an estimated creatinine clearance (calculated by the Cockroft-Gault formula) of ,30 ml/min but not yet receiving long-term dialysis (n=1305), in addition to an elevated plasma homocysteine concentration of $15 mmol/L. The primary results of the HOST study were negative. Each center's institutional review board approved the study, and all participants provided informed consent. All participants of the HOST study with advanced CKD not requiring maintenance dialysis at the 3-month follow-up visit were included in the present analysis, resulting in a final cohort of 1099 participants.
Demographic, Laboratory, and Clinical Data
Information collected at the time of randomization included a complete history and physical examination, demographic characteristics, smoking status, cause of kidney disease, history of hypertension, diabetes and CVD identified by selfreport and chart review, and use of medications (including antihypertensive agents, b-blockers, and lipid-lowering drugs). SBP and DBP were measured manually using a calibrated aneroid sphygmomanometer with the patient in a seated position after 5 minutes of rest, with the arm at heart level, using an appropriate-size cuff. Three BP measurements were taken; the average was recorded and used for the analysis in this study. PP was determined by subtracting the DBP from SBP. Serum albumin and hemoglobin were measured at local laboratories. Although the Cockcroft-Gault formula was used to assess eligibility for the HOST study, the four-variable Modification of Diet in Renal Disease prediction equation was used to determine the eGFR in this analysis.
Outcomes
The outcomes for this analysis were (1) time to death from any cause, (2) time to any CVE (defined as a composite of myocardial infarction, stroke, and amputation of all or part of a lower extremity), and (3) time to initiation of maintenance dialysis that occurred at least 3 months after randomization. These outcomes were prespecified endpoints of the original HOST study and were adjudicated by an independent end points committee. All fatal events were reviewed and classified using information obtained from the hospital discharge summary, autopsy report, Medicare ESRD Death Notification, and/or death certificate. Deaths were also tracked with the Beneficiary Identification and Records Locator Subsystem, a Veterans Affairs file used to record death and dates. Nonfatal CVE and initiation of maintenance dialysis were determined through self-reporting by participants in response to specific queries during quarterly follow-up contacts and by review of the patients' medical record. Myocardial infarction was diagnosed when two of the following three criteria were present: (1) typical cardiac symptoms, (2) elevated serum cardiac biomarker concentrations, and (3) diagnostic electrocardiographic changes. Stroke was defined as an acute onset of persistent neurologic deficits from an obstruction in the arterial system in the brain. Trauma, cerebral hemorrhage, and infection had to be ruled out before the participant was diagnosed with a thrombotic stroke. Amputation of all or part of the lower extremity was determined through self-reporting. All diagnoses were verified using information provided by discharge summaries, neurologic examinations, imaging results, serum cardiac biomarkers, and electrocardiograms.
Statistical Analyses
We excluded participants who had initiated long-term hemodialysis within 3 months after randomization (n=34; 2.6%) and those for whom other data were missing (n=172; 13.2%), resulting in a final sample of 1099 participants for the present study. Compared with excluded patients, demographic characteristics and event rates were similar among participants who were retained in this analysis (data not shown). We used Cox proportional hazard models to examine the association between BP and time to death, CVE, and initiation of long-term dialysis. Quartiles of SBP, DBP, and PP were chosen as the primary predictor variables, with the lowest quartile serving as the reference group. BP was also examined as a continuous variable. The quartiles for SBP, DBP, and PP are as follows:
SBP : Q1ð # 128Þ; Q2ð . 128 to # 141Þ; Q3ð . 141 to # 157Þand Q4ð . 157ÞmmHg DBP : Q1ð # 64Þ; Q2ð . 64 to # 72Þ; Q3ð . 72 to # 80Þand Q4ð . 80ÞmmHg PP : Q1ð # 57Þ; Q2ð . 57 to # 70Þ; Q3ð . 70 to # 83Þand Q4ð . 83ÞmmHg
Covariates used for adjustment in the statistical models were identified a priori. Model 1 included age, sex, and race; model 2 included covariates in model 1 plus smoking status, body mass index (BMI), history of hypertension, diabetes and CVD, eGFR, serum hemoglobin, serum albumin, and HOST randomized assignment. Because SBP, DBP, and PP are all highly collinear and we were interested in the effect of each variable on the outcome, we did not adjust the analyses for the respective other BP measures because doing so might have confounded the statistical analysis. Two-tailed P values ,0.05 were considered to represent statistically significant differences. All statistical analyses were performed with SAS software, version 9.13 (SAS Institute, Cary, NC). Table 1 shows the baseline characteristics of the 1099 participants. The mean6SD age and eGFR of the participants were 69611 years and 1866 ml/min per 1.73 m 2 , respectively. Most participants (n=718; 65%) had an eGFR of 15-29 ml/min per 1.73 m history of hypertension (n=1060; 96.5%). The mean SBP and DBP were 143623 and 73613 mmHg, respectively. Most patients were male, and .50% were white. There was also a high prevalence of diabetes and history of CVD in this cohort. In most patients the primary cause of kidney disease was diabetes (41.3%) and hypertension (31.9%).
Results
BP and Risk of Death from All Causes
Over a median (25th-75th percentile) follow-up of 1.9 (0.99-2.5) years, 453 (41%) deaths from all causes occurred. Of the patients who died, 128 (28.3%) also had a CVE during the study. In unadjusted analyses, higher quartiles of DBP (quartiles 2-4) were associated with a lower risk of death compared with the lowest quartile ( Table 2 ). In unadjusted analyses, the highest quartile of PP was associated with a higher risk of death. However, there was no association between the quartiles of SBP, DBP, or PP and all-cause mortality in adjusted analyses ( Table 2 ). There was also no association between BP and death when SBP, DBP, and PP were examined as continuous variables.
BP and Risk of Cardiovascular Events
A total of 215 (19.5%) CVEs occurred over a median (25th-75th percentile) follow-up of 1.4 (0.5-2.3) years. The association between SBP, DBP, and PP with CVEs is shown in Table 3 . When examined as a continuous variable, every 1 mmHg higher SBP was associated with a 0.8% higher risk of CVEs after adjustment for age, sex, and race (P=0.003). After further adjustment for BMI, smoking status, history of diabetes, hypertension and CVD, eGFR, serum hemoglobin, serum albumin, and treatment group, however, SBP was no longer significantly associated with CVEs. In model 1, the highest quartile of SBP (quartile 4) was associated with a 51% higher risk of CVEs compared with the lowest quartile (hazard ratio [HR], 1.51; 95% confidence interval [95% CI], 1.04 to 2.18). However, in the fully adjusted model (model 2), the highest quartile of SBP was no longer significantly associated with a higher risk of CVEs (HR, 1.34; 95% CI, 0.91 to 1.96). Quartiles 2 and 3 were not associated with a higher risk of CVEs compared with the lowest quartile in either model.
PP was strongly and significantly associated with CVEs (Table 3) . After adjustment for age, race, and sex (model 1), every 1 mmHg higher PP was associated with a 1.1% higher risk of CVEs (P,0.001). In the fully adjusted model (model 2), every 1 mmHg higher PP was associated with a 0.8% higher risk of CVE (P=0.03). When examined in quartiles, in model 1, the highest quartile of PP was associated with a 2-fold higher risk of CVEs compared with the first quartile (HR, 2.03; 95% CI, 1.35 to 3.04). The highest quartile remained significantly associated with a higher risk of CVEs in the fully adjusted model (HR, 1.67; 95% CI, 1.10 to 2.52). Quartiles 2 and 3 were not associated with CVEs. When DBP was examined in quartiles or as a continuous variable, there was no association between DBP and CVE (Table 3) .
PP was the only measure associated with CVE in the fully adjusted model. Given this finding, we further investigated the relationships between PP and clinical measures. PP correlated with age (r= 0.19; P,0.001), serum albumin level (r=20.11; P,0.001), serum hemoglobin level (r=20.11; P=0.02), serum HDL cholesterol level (r=0.06; P=0.05), and smoking (r=20.10; P=0.001). PP did not correlate with eGFR, sex, history of hypertension, CVD, BMI, serum calcium, phosphorus, or LDL cholesterol. In multiple linear regression analysis, PP was independently associated with the following: age (0.47 mmHg higher PP per year of age), serum LDL cholesterol (0.06 mmHg higher PP per 1 mg/dl higher LDL cholesterol), serum HDL cholesterol (0.09 mmHg higher PP per 1 mg/dl higher HDL), and serum albumin (4.67 mmHg lower PP per 1 mg/dl higher albumin).
BP and Risk of Progression to Long-Term Dialysis
A total of 615 patients (56%) initiated long-term dialysis after a median (25th-75th percentile) follow-up of 1.1 (0.6-1.9) years. The relationship between BP and long-term dialysis initiation is shown in Table 4 . Higher SBP was associated with a higher risk of dialysis initiation. In model 1, the third and fourth quartiles of SBP were associated with a 43% and 57% higher risk of progression to long-term dialysis, respectively (HR, 1.43 [95% CI, 1.13 to-1.79] and 1.57 [95% CI, 1.23 to 1.98], respectively). In the fully adjusted model, the highest quartile of SBP remained significantly associated with a 28% higher risk of progression to dialysis (HR, 1.28; 95% CI, 1.01 to 1.61). When examined as a continuous variable, every 1 mmHg higher SBP was associated with a 0.7% higher risk of progression to dialysis after adjustment for age, sex, and race Values expressed with a plus/minus sign are mean6SD.
(P,0.001). In the fully adjusted model, SBP was no longer significantly associated with a higher risk of progression to long-term dialysis (P=0.07). In model 1, DBP was not associated with progression to long-term dialysis. However, in the fully adjusted model (model 2), the highest quartile of DBP was associated with a 36% higher risk of progression to dialysis (HR, 1.36; 95% CI, 1.07 to 1.73). Similar results were found when DBP was examined as a continuous variable. In the fully adjusted model, every 1 mmHg higher DBP was associated with a 0.9% higher risk of progression to longterm dialysis (P=0.01). After adjustment for age, sex, and race, increasing quartiles of PP were associated with a higher risk of progression to long-term dialysis compared with quartile 1 (Table 4 ). However, after adjustment for all covariates, PP was no longer significantly associated with progression to dialysis. Similar results were found when PP was examined as a continuous variable. Because of the potential risk of informative censoring of incident dialysis by the competing risk of death, the association of SBP, DBP, and PP with the composite outcome of progression to long-term dialysis or death was examined. Similar results were observed for the association between DBP and PP when the composite outcome of progression to long-term dialysis or death was examined (Table 5) . However, SBP was not significantly associated with the composite outcome of progression to long-term dialysis or death.
Discussion
Among patients with advanced kidney disease not undergoing dialysis, higher PP was independently associated with a higher risk of CVE. SBP and DBP were not associated with CVE but were independently associated with a higher risk of progression to long-term dialysis. Unlike other studies in patients with CKD, this study did not find an association between SBP, DBP, or PP and death. Furthermore, lower SBP or DBP was not associated with adverse outcomes in our patient population.
To date, no adequately powered randomized controlled clinical trials have evaluated BP treatment targets and hard cardiovascular outcomes in patients with stage 3 or more advanced kidney disease. Previous observational studies in the dialysis population and in patients with less severe kidney disease have found that both higher and lower SBP and DBP were associated with a higher risk of death and CVD (9, (14) (15) (16) (17) (18) (19) . A recent study by Kovesdy et al. examined .600,000 veterans with CKD and found that patients in whom both SBP and DBP were very high or very low had the highest mortality rates (3). Furthermore, those with a In patients with CKD, the leading cause of death is CVD. Compared with the general population, patients with CKD have increased arterial stiffness, which may be due to accelerated medial calcification or atherosclerosis. This likely explains the high PP seen in CKD (5, 6) . Controversy exists as to whether PP or SBP is the most important predictor of CVD. In our cohort, PP was the only measure significantly associated with CVE. To our knowledge, our study is the first to show a relationship between PP and CVE in patients with advanced CKD not undergoing dialysis. Current hypertension treatment strategies primarily target SBP instead of DBP. However, the consequences of tight control of SBP needs to be considered. As shown in our study, elevated PP may be detrimental by resulting in a higher risk of adverse CVEs. Elevated PP can damage the vascular wall and increase the stress on the left ventricle, leading to ventricular hypertrophy and failure (20, 21) .
High BP is a known independent risk factor for faster decline of GFR (22) (23) (24) . Consistent with these findings, we found that higher SBP (.157 mmHg) and DBP (.80 mmHg) were associated with progression to long-term dialysis. We did not find a U-shaped relationship with SBP or DBP because lower levels were not associated with a higher risk. Our results suggest that SBP and DBP may be more important for predicting progression to long-term dialysis than PP is because PP was not associated with progression. However, other studies have found an association between PP and kidney disease progression. A study of 329 patients with CKD stages 2-4 found that baseline PP was the only predictor of kidney disease progression (11) . Differences in the findings may be related to differences in the two cohorts as our patients had much more advanced kidney disease than the previous study (mean6SD eGFR, 1866 ml/min per 1.73 m 2 versus 39618 ml/min per 1.73 m 2 ). In addition, studies have found an association between PP and rapid decline in kidney function (25, 26) . Unfortunately, we did not have multiple measurements of kidney function to determine whether this relationship was present in our study. More studies are needed to determine the effect of PP on kidney disease progression.
This study has several limitations. First, as an observational study, it cannot establish a causal relationship between BP and clinical outcomes. Second, .50% of our patients were diabetic and likely had some degree of proteinuria, but we were unable to control for proteinuria because these data were not available in the HOST study. Third, we had data on BP from only one time point. Using multiple BP measurements would have strengthened our findings because we would have been able to account for temporal changes in BP. Fourth, the definition of kidney disease was based on eGFR rather than more precise measures of kidney function, such as iothalamate clearance. In addition, we had data on kidney function from only one time point. Finally, this study consisted mainly of male veterans with high homocysteine levels, so caution should be used in extrapolating these results to other populations.
Despite these limitations, our study has several important strengths. First, to our knowledge this is the first study examining the association of PP with death, CVEs, and kidney disease progression in patients with advanced CKD not requiring dialysis. Second, the HOST study from which these data were obtained had a large patient population and a comprehensive dataset that allowed for adjustment for important cardiac and CKD risk factors. Third, BP and laboratory values were measured in a standard fashion.
In conclusion, we have demonstrated that higher PP was strongly and independently associated with a higher risk of CVEs. In contrast, SBP and DBP were not associated with CVEs but were associated with a higher risk of progression to long-term dialysis. Our results suggest that SBP and DBP should not be the only factors considered in determining antihypertensive therapy; elevated PP should also be considered.
